Studies of turbulent transport in the H-1 heliac plasmas yield direct evidence of the reversal of the fluctuation-driven particle flux across the transition from low to high confinement mode. New types of transitions are characterized by significant fluctuation levels in the high confinement mode. The fluctuation-driven particle flux in the plasma core changes from outward to inward flow across this transition; this is accompanied by a peaking of the density profile and an increase in central ion temperature.
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Studies of turbulent transport in the H-1 heliac plasmas yield direct evidence of the reversal of the fluctuation-driven particle flux across the transition from low to high confinement mode. New types of transitions are characterized by significant fluctuation levels in the high confinement mode. The fluctuation-driven particle flux in the plasma core changes from outward to inward flow across this transition; this is accompanied by a peaking of the density profile and an increase in central ion temperature.
[ Studies of the fluctuation-induced transport in magnetically confined plasmas have long been important in fusion research. This problem has become a focus of experimental and theoretical work with regard to sudden transitions to improved confinement modes, such as the low-to-high transitions in tokamaks and stellarators. In general, it is expected that high fluctuation amplitudes lead to unfavorable outward transport of particles and energy.
In this Letter we present direct evidence of a reversal in the radial fluctuation-induced particle flux during a lowto-high confinement transition in the H-1 stellarator, the first such observation in a toroidally confined plasma.
Depending on the experimental conditions, the transition can be to either "quiescent" or "fluctuating" high mode. During the transition to the quiescent high mode, the fluctuations subside, and outward-directed fluctuationinduced particle flux is reduced by almost 2 orders of magnitude. However, during the transition to the fluctuating high mode, the fluctuations persist, but the fluctuationinduced particle flux reverses direction.
The H-1 stellarator is a flexible heliac configuration [1, 2] and, for the experiments reported here, was operated in a shearless magnetic configuration with i ഠ 1.45, B 0.05 0.15 T, and a radio frequency heating power of up to 100 kW at the frequency of 7 MHz. Central electron density is about 10 18 m 23 , the electron temperature in argon discharges is in the range from 8 to 20 eV, and the ion temperature is about 40-50 eV in the low confinement mode.
The transition to the quiescent high confinement mode has been reported in Refs. [3, 4] . In that case, the transition is correlated with a significant increase in the electron density, ion temperature, and radial electric field and is accompanied by a reduction in G fl by ϳ2 orders of magnitude. A time history of the average electron density is shown in Fig. 1(a) . The density increases in ,1 ms to a new steady state with ϳ103 smaller density ͑ñ e ͒ fluctuations and plasma potential ͑w pl ͒ fluctuations [3] . These fluctuations are global drift modes [5] having low poloidal m and toroidal n mode numbers ͑m 1, 2͒ and frequencies in the range of 4-15 kHz in argon discharges. The transitions are not accompanied by the changes in the bulk plasma rotation whose velocity (both poloidal and toroidal components) is small compared with the E 3 B drift velocity [4] .
Such transitions are observed at a filling pressure of the working gas p gas (argon in the present experiments) above 3 3 10 25 torr. At lower pressures of about p gas ͑1 2 2͒ 3 10 25 torr, spontaneous transitions to improved confinement are observed at about 20% lower magnetic fields. In these conditions the improved confinement mode is characterized by up to a 70% increase in the average electron density, up to a 100% increase in the ion temperature (from 50 eV to about 100 eV), and more peaked n e and T i profiles similar to those in the quiescent high mode [4] . The major difference between the two modes of improved confinement is that the fluctuation level does not show any significant decrease across the transition to the fluctuating high mode. In some cases the fluctuation level even increases in high mode, as shown in Fig. 1 
(b).
A retarding field energy analyzer [4] is used to measure the ion temperature and the plasma potential. A modified version of a triple probe [6] is used to measure the ion saturation current I s , the electron temperature, the plasma potential w pl , and the poloidal wave numbers k pol of the fluctuations. The probe assembly consists of the two triple probes separated poloidally by 15 mm. This "doubletriple" probe is then used to compute the poloidal wave numbers of the fluctuations. 
where the electron density fluctuationsñ e are obtained from the fluctuations of the ion saturation currentĨ s and the electron temperatureT e (since I s ϳ n e p T e ), plasma potential fluctuationsw pl are estimated asw pl w f 1 3.8T e (w f is the floating potential fluctuations), k pol is the poloidal wave number defined during the same time interval from the phase shift between two poloidally separated probes, and g and u are, correspondingly, the coherence and phase shift between the fluctuations of the electron density and the plasma potential. Negative values of G fl correspond to outwardly directed particle flux. After the transition [ Fig. 2(d) direction is due principally to a change in the phase shift betweenñ e andw pl . Sensitivity tests show that our conclusions are not sensitive to details of our probe model, e.g., the value of the coefficient of T e in the expression for w pl . The level of the background broadband turbulence sometimes increases after the transition with respect to the amplitude of spectral peaks, but its contribution to the net flux G fl remains small (less than 2%) compared with the contribution of the strongest frequency harmonics.
The transition to improved confinement leads to the significant increase in the electron density on a major part of the plasma radius, as shown in Fig. 3(a) , and to the reversal of the fluctuation-induced particle transport shown in Fig. 3(b) . This effect is observed both inside and outside the magnetic axis (dashed line in Fig. 3 ). The experimental geometry is illustrated in Fig. 4(a) , where the solid line across the flux surfaces shows the probe scanning chord. The profiles in Fig. 3 were obtained on a shotto-shot basis, but only shots with identical spontaneous transitions from low to high confinement are used. To monitor the perturbation of the plasma caused by the scanning double-triple probe, we used another triple probe separated toroidally by about 15 cm from the scanning probe and located at the same flux surface. Again, only shots with similar transitions seen by the monitoring probe were used.
It has been experimentally observed [7] that the fluctuation-induced flux can be nonuniform on the magnetic surface. We have confirmed the effect of the G fl reversal at several points on the same flux surface. The location of the points on the flux surface is shown in Fig. 4(a) . Figure 4(b) shows a sine of the phase shift betweenñ e andw pl versus a point number on a flux surface ͑r͞a ഠ 0.5͒. This phase shift [see Eq. (1)] reverses after the transition for all the points shown in Fig. 4 , suggesting thus that the effect of the flux reversal is uniform on a flux surface.
Comparison of the flux profiles for various detailed scenarios of low-to-fluctuating high transitions (variation of rf power, filling pressure) show essentially similar behavior to that in Fig. 3 . The net improvement in the particle confinement seen on the average density [ Fig. 1(b) ] and the density profiles [ Fig. 3(a) ] during the transition correlates with the observed G fl modification.
The modifications in the fluctuation-induced transport during the transitions to improved confinement modes have been discussed from both experimental and theoretical standpoints [8, 9] . Some recent experimental observations (e.g., Ref. [10] ) indicate that it is the decorrelation of the density and potential fluctuations rather than just the reduction of the fluctuation amplitude that affects G fl . In our experiment both the magnitude and direction of G fl change due to the "recorrelation" (change of relative phase) ofñ e andw pl .
In Ref. [11] it was shown that the local fluctuationinduced fluxes in L-mode discharges have an intermittent character. In H-1, we find this to be the case in both low and high confinement modes. The time-resolved flux G fl ͑t͒ ñẼ pol ͞B, normalized to its mean value ͓G n G fl ͑t͒͗͞G fl ͑t͔͒͘ is shown in Fig. 5 for both low mode and high mode. The positive and negative spikes in G fl ͑t͒ characterize inward and outward "transport events" [11] . The effect of the reversal of the average flux across the transition can be seen clearly in Fig. 5 . Despite the quasicoherent nature of the fluctuations in H-1 (seen in the frequency spectra of Fig. 2) , the local fluxes are intermittent in both confinement modes. The net particle flux includes both the background and the fluctuation-induced diffusivities:
To estimate the relative contribution of G fl to the net flux and its role in the particle confinement in H-1, we analyze the particle balance. First, we estimate the D͑dn͞dr͒ component of the flux from the ionization balance based on the experimental data on the neutral density distribution in the plasma. The neutral density is derived from the measured radial profiles of the spectral line intensities of excited neutrals and ions, and the electron density and electron temperature profiles measured using triple probes [4] . Since the recombination rate is negligibly small in our conditions (2 to 3 orders of magnitude lower than the ionization rate), the ionization is balanced by the outward transport. The net particle flux at r͞a 0.9 calculated for the conditions of the quiescent high confinement mode is about G total ഠ 3 3 10 20 m 22 s 21 . Since in the quiescent high mode the contribution of the fluctuations to the particle transport is very small [3] , we obtain D ϳ 25 m 2 s 21 from this estimate. Second, we estimate the outward radial ion flux from measurements using a radially oriented Mach probe at the plasma periphery. From the in-out asymmetry of the radial ion flows to the probe (the ion saturation current asymmetry factor is about 2), we estimate the net outward ion flux to be G total ͑r͞a 0. Fig. 3(b) .
The correlation of the reversal of the fluctuation-driven component of the particle flux and the improvement in the particle confinement suggest a casual relationship.
In summary, we have measured fluctuation-induced particle flux in H-1 stellarator discharges that spontaneously pass through a low-to-high confinement transition. This flux exhibits an intermittent character in both the low and high modes, and reverses direction to flow radially inward in the plasma core in the high mode. The reversal results from the change in the relative phase of density and potential fluctuations. While these experiments in H-1 were done at low plasma temperatures and densities, the results suggest a paradigm that may be applicable to other experiments.
